Vibrational Density of States of Fe Thin Films
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Introduction

Low dimensionaktructuredik e thin films very often exhibit
propertieghatdiffer considerablyfrom thoseof correspond-
ing bulk materials.Speciadepositiortechniquesllow prepa-
ration of materialsthat exhibit unique electronic,magnetic
andvibrationalproperties.The latter are ofteninfluencedby
the layer structure,especiallyin the caseof propagatingsx-
citationslike phonons.Dueto the brokentranslationakym-
metry at boundariesof thin films and multilayers, changes
in the vibrationalspectrumareexpectedif the film thickness
or multilayer periodis comparabldo the phononmeanfree
path. Size effectsin the vibrational propertiesare of partic-
ular technicalrelevanceif, for example,thethermalconduc-
tivity of thin films is consideredwhich canbe animportant
issuefor the thermalbehaior of micromechani@andmicro-
electronicdevices.

In this experimentwe have determinedhevibrationaldensity
of stategVDOS) of 5 Fethin films via inelasticnucleareso-
nantscatteringpf synchrotrorradiation. This methodwasin-
troducedrecently[1,2]. It relieson detectionof time-delayed
fluorescence@hotonsemittedby decayingM dssbauenuclei
in the samplethatwereexcited by synchrotrorradiationpul-
ses. If the enegy of the incidentradiationis off resonance,
excitation of nuclei may be assistedby creationor annihi-
lation of phononsin the sample. Therefore,the enegy de-
pendencef theyield of nucleardecayproducts(conversion
electronsor subsequenk-fluorescencephotons)givesa di-
rect measureof the phonondensityof statesin the sample
[2]. Dueto the outstandingorilliance of undulatorradiation,
very small samplevolumesaresufficientto measureohonon
spectraof goodstatisticalquality within afew hours.Thisal-
lows to determinghermodynamigropertiedik e lattice spe-
cific heatandvibrationalentropy evenfor systemsf reduced
dimensionality

Herewe have investigatedhin films of polycrystallineFein
the thicknessrangeof 10 - 30 nm. Sincethe typical wave-
length of a 30 meV phononin bulk Fe is approximatelyl
nm, we expectan influenceof the confinedgeometryon the
phononspectrunof thesefilms.

M ethod

The experimentswere carriedout at the undulatorbeamline
3ID. Monochromatizatiomo anenegy bandwidthof 5.5meV

wasachievedby ahigh-resolutiomestednonochromatarDe-
layedfluorescenc@hotonswerecountedwithin atime range
of 12— 100nsafterexcitationwith alargeareaAPD (avalan-
che photodiode)that was placedright above the film plane.
The measurementsignificantlybenefittedrom the intensity
enhancemenin x-ray standingwavesthat form above total

reflectingboundarieslueto superpositiorof incidentandre-
flectedwaves. A substantiaintensity enhancemenhsidea
thin film canbe achievedif thethin film is coatedon a total
reflectingsubstrateandthefilm thicknesds anintegermulti-
ple of the standingwave period[3,4]. Dependingon thefilm
thicknessa certainnumberof guidedmodescanbe excited,
which shav up asminimain the rocking curve of the layer
systembetweernthe critical anglesof the layer andthe sub-
stratematerial. At thoseangularpositionsthe fluorescence
yield canbe ssignificantlyenhanced5].

Two films were preparedconsistingof polycrystallinea-Fe
(enrichedto 95 % in 5"Fe)with thicknessesf 13 nmand28
nm, respectiely.
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Figure 1: a) Electronicrockingcune of 13nm Feon Pd. A
guidedmodeis excited at an angleof 4.2 mradthatappears
asminimumin thereflectvity betweerthetwo critical angles
of Fe andPd. The insetshavs the depthdependencef the
intensityinsidethelayer. b) Angulardependencef theyield
of delayedluorescencérom the Fefilm, with the photonen-
ergy 20 meV above the resonance.The yield peaksat the
anglewherethe guidedmodeis excited. Theinsetshons the
phononspectrumhatwasrecordedat this angle. Solid lines
aretheoreticafits.
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Figure 2: a) DOS of bulk Fe, from which the calculations
(solidlines)for thefollowing experimentatatawerederived:

b) DOS of bulk Fe, c) DOS of 28-nmFe on ZERODUR, d)

DOS of 13-nmFe on 20-nmPd on ZERODUR. The dotted
line in b) correspondso the solid line in d). Theenepy res-
olutionin the experimentavas5.5meV [5].

Thefilms weredepositectroomtemperaturéy rf-sputtering
in anAr atmospherentoasuperpolishedlass-ceramicsub-
strate. The 13-nm-thickfilm was depositedonto a 20-nm-
thick Pd layer to createan x-ray waveguide structure. The
intensityenhancemerdbtainedhroughthewaveguideeffect
is illustratedin fig. 1.

Results and Discussion

TheDOSfor bothfilms is shavnin fig. 2¢,d. For comparison,
the DOS of bulk a—57Fe, obtainedfrom a 10-um-thick foil
underthe sameexperimentalconditions,is shown in fig. 2b.
Fig.2ashavsthe DOSof bulk bccFeascalculatedrom neu-
tron data.
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Figure 3: Low enegy region of the phononDOS of the Fe
thin films andbulk Fefrom fig. 2 plottedvs. E?

The peakat 35 meV correspondgo longitudinal phonons
closeto the boundaryof the first Brillouin zone,while the
two peaksat 23 meV and27 meV mainly belongto the van-
Hove singularitiesof trans\ersephonons.The mostobvious
featurein the film DOS s the shapeof the peakat 35 meV,
which suggestphonondampingin the Fefilms. In orderto
describethe measuredOS of thefilms, g(E), we have ap-
plied the model of a dampedharmonicoscillator (DHO) as
it wasusedin a similar studyon Fe nanocrystalg6]. This
model containsasthe only adjustableparametethe quality
factor Q that describesthe dampingof vibrational modes.
The DOS of the 28-nm-thick Fe film shavn in fig. 2c was
describedvith @) = 25(2), while for the 13-nm-thickFefilm
avalueof = 13(1) wasobtained[5]. For a directcom-
parisonwith bulk bcc Fe, the calculatedDOS of the 13-nm
Fefilm is drawn asdottedline in fig. 2b. The discrepancies
betweenboth calculatedDOS revealthe featureshatarein-
troducedby thedamping:Thehigh-enegytail is smeareaut
overawide rangeof enegies,the peaksdueto the van-Hove
singularitiesaresmoothenedandthereis a slightincreaseof
theDOSatlow enepies,causedy thelongtails of the DHO
function.

An enhancementf low enegy modesis oftenfoundin sys-
temswith structuralirregularitiesandis attributedto soften-
ing of trans\ersephonons.The phononDOS in this enegy
region for bothsampless shaovn in fig. 3, plottedversusE?2.
The DOS is to a good approximationquadraticin enegy;,
asexpectedfrom the Debyemodel. The slopeindicatesthe
soundvelocity in the Fefilms to belargerthanin the bulk.
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